Abstract: The NEXT experiment aims at searching for the hypothetical neutrinoless double-beta decay from the 136 Xe isotope using a high-purity xenon TPC. Efficient discrimination of the events through pattern recognition of the topology of primary ionisation tracks is a major requirement for the experiment. However, it is limited by the diffusion of electrons. It is known that the addition of a small fraction of a molecular gas to xenon reduces electron diffusion. On the other hand, the electroluminescence (EL) yield drops and the achievable energy resolution may be compromised. We have studied the effect of adding several molecular gases to xenon (CO 2 , CH 4 and CF 4 ) on the EL yield and energy resolution obtained in a small prototype of driftless gas proportional scintillation counter. We have compared our results on the scintillation characteristics (EL yield and energy resolution) with a microscopic simulation, obtaining the diffusion coefficients in those conditions as well. Accordingly, to reach an electron diffusion of about 2.5 mm/ √ m, one needs additive concentrations of about 0.05%, 0.2% and 0.02% for CO 2 , CH 4 and CF 4 , respectively. Our results show that CF 4 admixtures present the highest EL yield in those conditions, but terrible energy resolution. CH 4 presents the best energy resolution despite the EL yield being the lowest. A discussion on the advantages and disadvantages of each mixture is presented, as well as on the energy resolution contributions for each case.
Introduction
High-pressure xenon (HPXe) time projection chambers (TPCs) are increasing used in applications for rare-event detection such as double-beta decay (DBD) and double-electron capture (DEC), with or without neutrino emission, as well as directional dark matter (DDM) [1] [2] [3] [4] [5] [6] [7] . One such experiment is NEXT, to search for neutrinoless double-beta (ββ0ν) decay [1] .
Gaseous xenon TPCs offer important advantages when compared to liquid xenon and double phase xenon TPCs [8] [9] [10] [11] [12] [13] [14] . The impact of background depends strongly on the achieved energy resolution, which is much better in the gas phase. Furthermore, interaction of rare events in the gas will allow a determination of the event topological signature, as demonstrated for DBD and DEC detection [5, 15, 16] , in contrast with interaction in the liquid, where the extremely reduced dimensions of the primary ionisation trail rules out any possible topology-based pattern recognition.
In particular, optical TPCs based on electroluminescence (EL) amplification of the primary ionisation signal are the most competitive alternatives to charge avalanche amplification TPCs, making it possible to reach energy resolutions as low as 0.7% FWHM at 2.5 MeV (Q ββ for ββ0ν decay of 136 Xe), as demonstrated for a 1 kg-scale prototype [17] , a factor 2 to 4 better than the energy resolution achieved in TPCs based on charge avalanche readout [18] . In addition, EL readout through a photosensor has the advantage of electrically decoupling the amplification region from the photosensor, rendering more immunity to electronic noise, radio-frequency pickup and high voltage discharges.
The EL yield depends on the detector geometry. Absolute values have been measured in uniform electric field detectors [19] [20] [21] and in modern micropatterned electron multipliers, like GEM, THGEM, MHSP and Micromegas [22] [23] [24] . While statistical fluctuations in the scintillation produced in charge avalanches are dominated by the variance of the total number of electrons produced, the statistical fluctuations in the EL produced in uniform electric fields below the onset of electron multiplication are negligible when compared to those associated with the primary ionisation formation [25] . An efficient way of background discrimination in ββ0ν decay experiments is based on the energy deposited in the gas. In this case, excellent energy resolution is needed for efficient background rejection, hence TPCs based on EL produced in uniform electric fields represents the best option.
The topological signature of the ionisation trail in the gas is compromised by the large electron diffusion in xenon resulting from inefficient energy loss in elastic collisions with xenon atoms, in particular for low electric fields (few tens of V/cm/bar) used to drift the primary ionisation cloud towards the signal amplification region, and for large drift distances [26] . By adding a molecular gas, like CO 2 , CH 4 or CF 4 , to pure xenon, new molecular degrees of freedom from vibrational and rotational states are made available for electron energy transfer in inelastic collisions, and the energy distribution of the ionisation electron cloud in the drift region tends to build up around the energy of the first vibrational level, typically ∼ 0.1 eV, even in the presence of sub-percent concentrations of the additive. At these mildly supra-thermal energies, electron diffusion is considerably reduced.
The presence of molecular species in a noble gas was believed to dramatically reduce the EL yield [27] . If an electron has a significant probability of colliding with a molecular impurity before it obtains from the electric field sufficient energy to excite a noble gas atom, it may lose part of its energy without producing EL photons. Besides electron cooling, additional losses of scintillation originate from excimer quenching, photo-absorption and electron attachment [32] . The reduction of the EL yield depends on the amount and type of impurity present in the gas. Recent experimental studies with Xe-CO 2 and Xe-CH 4 mixtures, for different concentrations of the additives, have shown that the EL yield reduction is not as drastic as previously believed [28] .
In the HPXe TPC used by the NEXT collaboration, electron diffusion may be as high as 10 mm/ √ m, making the pattern recognition of the primary ionisation trail very difficult at the 1 m drift scale. Hence, a campaign designed to systematically add several molecular gases to xenon, at minute concentration levels, has started within the scope of the NEXT experiment. The aim is to find a suitable mixture able to reduce diffusion and improve the topological discrimination of the events, without compromising significantly the performance of the detector in terms of EL yield and energy resolution.
Detailed studies with Xe-CO 2 mixtures, performed at atmospheric pressure, have shown a tolerable 35% reduction in the EL yield for 0.04% concentration of CO 2 relative to the EL yield obtained in pure Xe [29] . On the other hand, simulation results show that the same amount of CO 2 would reduce the diffusion coefficient from 10 to about 3 mm/ √ m [28] . The energy resolution obtained with CO 2 concentrations up to 0.04% is not significantly affected, given that the contribution of the statistical fluctuations associated to EL production is significantly lower than the Fano factor contribution. The intrinsic energy resolution deteriorates with increasing CO 2 concentration [29] . One problem found during long term operation of CO 2 mixtures is the instability coming from CO 2 adsorption in getters and subsequent formation of CO. This may be a critical problem for a large chamber operating over long periods of time.
In this paper two other molecular gases, CH 4 and CF 4 , are investigated using the same driftless GPSC prototype. The paper compares the performance of the detector for the different additives investigated, and different additive concentrations, at atmospheric pressure, in particular its effect on the EL yield and energy resolution.
Experimental setup
The studies described in this paper were performed in a gas proportional scintillation counter (GPSC) without drift region, depicted in figure 1, already used in previous studies [29] [30] [31] . The driftless design of the detector allows a study of the influence of molecular additives on the secondary scintillation produced upon x-ray interactions, minimizing the effects that may arise in a typical GPSC as a result of the electron drift through the absorption/conversion region. The scintillation region is 2.5 cm long and is delimited by a Kapton window (8 mm diameter), aluminised on the inner side, and by the quartz window of the photomultiplier tube (PMT), vacuum-evaporated with a chromium grid (strips of 100 µm width and 1000 µm spacing) and electrically connected to the PMT photocathode. The EL electric field is established by applying a negative high voltage to the detector window and its stainless steel holder, which are insulated from the detector body by a ceramic material (Macor), while the detector body, the chromium grid at the PMT window and the photocathode are kept at 0 V. The reduced electric field inside the detector is set below the gas ionisation threshold so that EL photons can be produced in the scintillation region without charge multiplication.
The performance of the detector was assessed using an x-ray beam from a 55 Fe radioactive source, collimated to a 2 mm diameter, irradiating the GPSC window along the detector axis. Only 5.9 keV x-rays (Mn K α line) interact in the gas since 6.4 keV x-rays (Mn K β line) are absorbed by a chromium film. The ionisation electrons released by the interaction of 5.9 keV x-rays are accelerated as they cross the scintillation region, exciting the noble gas atoms and inducing the emission of EL photons. The amount of EL photons is more than 3 orders of magnitude larger than the amount of primary scintillation photons also produced by the x-ray interaction in the gas medium [33] . A PMT is used as photosensor for the vacuum ultraviolet (VUV) photons produced in the gas. Pulses produced in the PMT are subsequently shaped, amplified and analysed with a multi-channel analyser (MCA).
The GPSC is coupled to a gas re-circulation system in order to continuously purify the xenon gas or xenon-additive mixture through SAES St707 getters. A residual gas analyser (RGA) is connected to the gas system through a heated capillary in order to reduce pressure down to about 10 −5 mbar, required for the RGA safe operation. The RGA volume is coupled to a vacuum pumping system to extract the gas that continuously enters through the capillary. The RGA is particularly important for the studies with molecular species added to the xenon gas since it provides a real-time direct measurement of the additive concentrations. Two different volumes were added to the system, one filled with Figure 1 : Scheme of the driftless GPSC used in this work [30] . A PMT is used as VUV photosensor and the gas is continuously purified through SAES St707 getters. pure xenon and the other one with the molecular additive, in order to calibrate the RGA, as described in ref. [29] . The pressure in each volume is read by accurate capacitive pressure gauges. In order to avoid any dependence on pressure, the RGA calibration and the detector operation were carried out at the same total pressure for pure xenon and xenon admixtures. Total pressures of 1.13, 1.25 and 1.24 bar were used for CO 2 , CH 4 and CF 4 additives, respectively. The EL measurements were performed after stabilisation of the partial pressure measurement in the RGA.
Before setting each mixture, a measurement of the background is performed with the RGA in the GPSC filled with pure xenon, with the getters operating at 250°C, in order to ensure maximum xenon purity. The origin of the background most likely comes from degassing of the RGA chamber or capillary, or from gases entering the chamber through the pumps. This background is afterwards subtracted from the RGA reading, once the mixture is prepared. For each molecular additive, a calibration was performed by plotting the additive concentration measured on the RGA as a function of the initial concentration estimated from the pressure measurements on the capacitive gauges connected to the two volumes. Within the concentration range used for each additive, the calibration process showed a good linear correlation between the concentration measured on the RGA and the estimated one, from which the desired calibration factor was obtained.
The gas was purified by hot getters operated at a specific temperature. For CH 4 and CF 4 , getters were operated at 120°C, which is enough to maintain the gas purity. At this temperature, CO 2 is absorbed by getters and subsequently CO is produced, escaping into the gas. For this reason, in this case the temperature of the getters was set to 80°C in order to minimize the amount of CO produced. The EL yield obtained for pure xenon drops slightly when getters are cooled from 250°C down to 80°C, but only after several days of operation.
Method
The response of a driftless GPSC depends on the x-ray penetration depth since the number of EL photons produced by the x-ray interaction is related to the distance travelled by the primary electron cloud across the scintillation region. Consequently, the total scintillation spectrum, obtained when integrating over the transit time of the electron cloud (as recorded with our preamplifier/MCA chain), is the convolution of a Gaussian with an exponential function towards the low-energy region, since the x-ray interaction probability follows an exponential law. Provided the absorption length for 5.9 keV x-rays in 1 bar of xenon, about 2.5 mm, is still significant when compared to the 25 mm thick EL region, the full absorption peak in the pulse-height distribution deviates from a Gaussian shape, presenting a tail towards the left side corresponding to lower amplitudes.
The shape of the scintillation spectrum may change when molecular gases are added to pure xenon due to several processes, like quenching, photo-absorption and dissociative attachment. The probability of these effects depends on the type and concentration of the additive. In our previous work on Xe-CO 2 mixtures [29] , the intrinsic response of the GPSC was estimated by decomposition of the full absorption peak into a sum of several Gaussian functions, corresponding to x-ray interactions at successive depths. They have decreasing areas according to the exponential absorption law for 5.9 keV x-rays, with the same relative FWHM. Their centroid is given by the integration of the EL produced uniformly along the electron path and weighted by the solid angle subtended by the PMT photocathode relative to each point of that path [29] . The pulse amplitude and energy resolution were taken from the centroid and FWHM of the rightmost Gaussian curve, corresponding to xray interactions near the window. However, later studies performed with Xe-CF 4 mixtures showed for the higher CF 4 concentrations a right-tailed pulse-height distribution instead of a left-tailed one. This effect is mostly attributed to the high electron attachment taking place in such mixtures; primary electron clouds resulting from x-rays absorbed farther away from the photosensor are more affected by attachment during their longer drift, resulting in a smaller amount of collected photons when compared to those produced by x-rays interacting more deeply in the detector, in contrast to what was observed in Xe-CO 2 mixtures.
In figure 2 we present typical scintillation spectra for 5.9 keV x-rays absorbed in the driftless GPSC in two different cases: one mixture with low attachment probability, Xe with 0.041% of CO 2 (a), and one mixture with high attachment probability, Xe with 0.033% of CF 4 (b). The Xe-CO 2 distribution is left-tailed as a result of the x-ray penetration depth in the driftless detector. The Xe-CF 4 distribution is right-tailed as a result of the high attachment probability associated to the x-ray penetration effect, presenting much worse energy resolution. Therefore, a more complete decomposition method has to be used to include the effect of electron attachment.
To disentangle the effect of different x-ray penetration depths in the detector, the scintillation spectrum is fitted to the sum of a large number of Gaussian curves (5000) corresponding to different x-ray penetration depths. These Gaussian curves have the same relative FWHM but the areas and centroids follow trends (as a function of the x-ray interaction depth) different from those assumed in [29] . To determine those trends, special is a fit to the to the experimental distribution (in dark blue), resulting from the sum of 5000 Gaussian curves (solid thin lines from red to blue; vertical scale in arbitrary units). The dashed curve is the Gaussian corresponding to 2.5 cm path length. The estimated attachment probabilities are 7% for Xe-CO 2 (a) and 80% for Xe-CF 4 (b). The corrected energy resolution (dashed curve) is 8.3% for Xe-CO 2 and 18.7% for Xe-CF 4 , to be compared to uncorrected values (back curve) of 8.7% and 21.6%, respectively. runs took place in which we used a Lecroy WaveRunner 610Zi digital oscilloscope to observe directly the PMT waveforms using 50-Ω DC coupling, in the absence of pre-amplification. Pulses are organized according to their duration, in intervals of 40 ns, which is linearly related to the electron cloud transit time (and, thus, to the x-ray penetration depth) owing to the uniform electric field in our setup. In this way, we obtain the scintillation spectrum for each x-ray interaction depth, which has a Gaussian shape, as expected. The area and centroid position of each Gaussian obtained in this way, as a function of the x-ray interaction depth, are later used in the fitting procedure sketched in figure 2. Applying this method to pure Xe and to a Xe-CF 4 mixture with known attachment probability, we are able to infer the effect of attachment from the relation between the respective centroids obtained at each interaction depth, being able then to extrapolate the centroid distribution for any other attachment probability. The detailed method, that is essential for correctly interpreting the data at the highest CF 4 concentrations, is beyond the scope of this publication.
Finally, the function resulting from the sum of the 5000 Gaussians is fitted to the scintillation spectrum leaving as free parameters the relative FWHM, the centroid of the Gaussian corresponding to zero penetration. The EL yield and energy resolution are taken from the centroid and the relative FWHM of the Gaussian corresponding to a path length of 2.5 cm.
Experimental results
The performance of the driftless GPSC was investigated for xenon with different admixtures of CO 2 , CH 4 and CF 4 . The behaviour of the EL yield and the energy resolution as a function of the reduced electric field across the GPSC scintillation region was investigated for all mixtures considered. The PMT (EMI D676QB) was operated at a fixed bias voltage of 850 V. The EL yield obtained was compared to simulation results for each mixture, following the approach introduced in [32] , and the electron diffusion then obtained within the same framework, that is based on Magboltz [39]. The intrinsic energy resolution was estimated following the method described in the previous section. A compromise between low diffusion and good EL performance is made in order to select the best concentration for each additive. Finally, the advantages of each molecular additive are discussed in order to give a hint of the best candidate to be used in the NEXT experiment.
EL yield
Absolute values of the reduced EL yield (Y /p, where p is the gas pressure) were determined by normalization of the pulse amplitude obtained for pure xenon to the ones in [19] . The same normalization constant was then used to obtain the remaining EL yield curves for the different mixtures investigated, given that the scintillation spectrum in the PMT band is expected to remain unchanged (PMT and electronic gains are fixed). Figure 3 presents Y /p as a function of the reduced electric field (E/p) applied to the scintillation region, for different concentrations of several molecular gases added to pure xenon: CO 2 (a), CH 4 (b), and CF 4 (c). The solid lines are fits to the data points, while the dashed lines are results from the simulation package introduced in [32] . As seen, the reduced EL yield exhibits the typical linear dependence on E/p observed in pure noble gases also in the presence of molecular additives. For the three different additives, the EL yield decreases as the additive concentration increases, for the same E/p value. For a typical reduced electric field of 2.5 kV/cm/bar in the TPC, an EL drop of 50% relative to the one obtained in pure xenon (black lines) is obtained for different concentrations of the three additives: about 0.05% for CO 2 , 0.3% for CH 4 and 0.02% for CF 4 . Figure 3 shows that the EL threshold (minimum E/p value that allows EL multiplication) rises by increasing the amount of additive, while the slope of Y /p against E/p decreases. There are several effects responsible for the variation of the EL yield with the amount of additive. Upon colliding with a molecule, the electron loses energy to rotational and vibrational excited states, reducing its average energy. Electron cooling seems to be very efficient, as seen from the increase of the EL threshold in figure 3 , while the scintillation drop remains acceptable up to additive concentrations around 0.1% for CO 2 , 0.4% for CH 4 , and 0.02% for CF 4 . A compromise between electron cooling and excimer scintillation must clearly exist. Although the increase of the EL threshold could in principle be compensated by increasing the electric field, other effects exist that change also the slope of the trends, and cannot be compensated. One of these effects is the excimer quenching, which reduces the probability of scintillation. According to simulation, this effect is dominant for CH 4 and negligible for CF 4 , explaining the smaller variations in the Y /p slope observed for CF 4 . Another effect is the gas transparency to VUV light, which would be very limiting for CO 2 in larger prototypes, despite not contributing at this detector scale. Additional EL losses result from dissociative attachment, which increases with increasing additive concentration. This is the dominant effect for CF 4 .
Energy resolution
The energy resolution is crucial in neutrinoless double beta decay searches since it is the only known asset that allows a discrimination between ββ0ν events against the ββ2ν background. The impact of molecular additives in the energy resolution obtained in the xenon GPSC was evaluated for the Xe-CO 2 , Xe-CH 4 and Xe-CF 4 mixtures used in this work. Figure 4 shows the energy resolution (FWHM) for 5.9 keV x-rays absorbed in the driftless GPSC as a function of the reduced electric field, for different additive concentrations. As shown, the energy resolution for CO 2 and CH 4 mixtures does not degrade significantly up to 0.04% and 0.4% concentrations, respectively, in particular at high electric fields, and the best energy resolution is achieved with Xe-CH 4 mixtures. For CF 4 , the energy resolution obtained is strongly deteriorated even at concentrations as low as 0.02%, something that we attribute to dissociative attachment.
The energy resolution at zero-depth (i.e. corresponding to a 2.5 cm EL gap) allows for evaluation of the different contributions to the energy resolution, in particular the fluctuations in the number of EL photons produced. For that we recall that the energy resolution, R, of a GPSC can be described by [25] :
The first term under the square root accounts for the relative fluctuations in the number of ionisation electrons released by the interacting radiation, described by the Fano factor, defined as F = σ 2 e /N e , where N e is the average number of primary electrons and σ e is the respective standard deviation. The second term accounts for relative fluctuations associated to the number of EL photons produced in the scintillation region per primary electron, N el being its average number and Q = (σ el /N el ) 2 the square of the corresponding relative standard deviation. The last term describes the relative fluctuations in the photosensor signal, associated to the number of photoelectrons released from the PMT photocathode (N pe being its average number), which follows a Poisson distribution, and the relative fluctuations in the gain of the electron avalanche produced in the PMT dynodes (with G and σ G being the average gain and the corresponding standard deviation, respectively). The average number of photoelectrons released from the PMT photocathode is given by N pe = cN e N el , c being the light collection efficiency, which depends on the transparency of the anode grid and the PMT window, on the PMT quantum efficiency and on the average solid angle subtended by the PMT photocathode relative to the primary electron path in the EL region.
For pure xenon, the contribution from statistical fluctuations associated to the EL production (Q) is negligible when compared to the other factors [25] , allowing an experimental determination of the energy resolution contributions resulting from statistical fluctuations in the primary ionisation formation and in the photosensor. In this case, equation (4.1) can be approximated by: 
By plotting R 2 as a function of 1/N el , a linear function can be fitted to the data points. From the vertical intercept and the slope of the line, the Fano factor and photosensor contributions can be estimated, respectively, similarly to what happens in standard GPSCs with drift region [34, 35] . Using pure xenon data, we have obtained a Fano factor F = 0.21±0.04 [29] . This result is in agreement with the values normally found in the literature, between 0.13 and 0.25 [35] [36] [37] [38] . Moreover, the photosensor contribution obtained from the linear fit is compatible with calculations based on the geometry and the PMT characteristics in our setup, confirming the robustness of the method used in this work. We assume that the contribution to the energy resolution from statistical fluctuations in the primary ionisation formation are constant for the additive concentrations studied in this work, since the Fano factor and the w-values of those mixtures are not expected to change significantly at these very small additive concentrations. This assumption makes it possible to use equation (4.1) to determine the fluctuations associated to EL production. The Fano factor, F , and the term containing the photo-sensor statistics 1/c 1 + σ 2 G /G 2 are simply taken from the pure xenon fit.
In figure 5 we present the square of the relative standard deviation in the number of EL photons produced in the scintillation region per primary electron, Q = (σ el /N el ) 2 , as a function of E/p, in the range normally used in the scintillation region, for different concentrations of molecular additives: (a) CO 2 , (b) CH 4 , (c) CF 4 . As shown, Q is negligible for pure xenon, when compared to F , and tends to increase as the additive concentration increases. For CO 2 , Q is not strongly dependent on the reduced electric field and for concentrations up to 0.1% it is still below the Fano factor. For CH 4 , Q does not depend significantly on E/p in the range considered. CH 4 concentrations as high as 0.7% result in negligible Q values. This explains why the energy resolution obtained in Xe-CH 4 mixtures is better when compared to Xe-CO 2 and Xe-CF 4 mixtures for the investigated range of additive concentrations. For CF 4 , a minute concentration of 0.01% is enough to make Q larger than F , rising abruptly as the concentration increases. Additive concentrations above the ones shown in figure 5 result in lower signal-to-noise ratios, which may worsen the energy resolution obtained, resulting in over-estimated Q values from equation (4.1) since the noise contribution is not included in that equation.
The rise in the Q factor as the additive concentration increases cannot be explained if we take only into account the effect of EL reduction with increasing additive concentration. In addition, one would expect a decrease in Q with increasing electric field in the scintillation region, which is not observed for CO 2 . As argued in [32] , the effect can be interpreted as due to dissociative electron attachment. According to simulations, attachment is negligible for the Xe-CH 4 mixtures investigated in this work, in particular at high electric fields. Its presence becomes nonetheless the main source of fluctuations in the EL signal for CO 2 concentrations above 0.2% and for CF 4 concentrations above 0.01%.
Discussion
The results described in previous section need to be put in the context of the effective reduction on electron diffusion for each mixture investigated. The drastic change in the scintillation threshold observed in figure 3 suggests that electron cooling is strongly active for these minute concentrations of additives. Moreover, simulations indicate that a minimum of diffusion exists in the drift field range of 20-30 V/cm/bar [32] . Although in pure xenon at 10 bar, drift fields in that range are not critical concerning recombination of the primary electrons, for xenon admixtures the situation at high pressures is not so clear, and should be carefully studied in the future.
Electron diffusion was simulated with Magboltz [39] for the additive concentrations used in this work and for the operational conditions of the NEXT-100 TPC. The EL yield and the energy resolution were extrapolated to the same conditions, including 10 bar of nominal pressure, and reduced electric fields of 20 V/cm/bar and 2.5 kV/cm/bar in the drift and scintillation regions, respectively. In order to obtain the extrapolated energy resolution, we have used equation (4.1), assuming a Fano factor F = 0.15, a relative standard deviation in the PMT gain σ G /G = 0.35 and a light collection efficiency c = 0.01. To extrapolate the number of EL photons we have considered a scintillation gap of 0.6 cm, a w-value of 22 eV and the energy of ββ0ν events Q ββ = 2.458 MeV. The ratio between the scintillation probabilities for 1 bar and 10 bar is taken from simulation, being largely dominated by the increased quenching probability of the Xe * 2 triplet state at high pressure [32] . We have assumed a 100% transparency for CH 4 and CF 4 , while for CO 2 a correction for the amount of light lost to photo-absorption in 2 m (the maximum length intended for the NEXT-100 TPC and upgrades) was introduced. Concerning Q, we have used the experimental values obtained in this work for CH 4 since we do not expect that it changes significantly at 10 bar, according to simulation. For CO 2 and CF 4 , we used the relation Q ηg/3 derived earlier in [32] , where g is the EL gap and η the dissociative attachment probability per unit of length, and further taking into account the effect of the solid angle variation along the electron path, which is present in our detector but not in the NEXT-100 TPC. Q is therefore scaled accordingly, from the measurements obtained at 1 bar. Figure 6 shows the number of xenon EL photons, extrapolated to typical operation conditions of the NEXT-100 TPC, as a function of the 3D diffusion coefficient, defined
and D L being the transverse and longitudinal diffusion coefficients, respectively, obtained from Magboltz [39] for different concentrations of the three additives investigated. The 3D diffusion coefficient is defined here as the characteristic size of the electron diffusion ellipsoid ( 3 √ xyz) after 1 m drift through the TPC. For CO 2 , the number of EL photons was corrected for the transparency to VUV photons in the NEXT-100 TPC, dropping from about 65% to 23% as the CO 2 concentration increases from 0.04% to 0.31%. As diffusion decreases, the drop in the EL yield is much smaller for CF 4 when compared to CO 2 and CH 4 . Still, the drop in EL yield for CO 2 and CH 4 seems tolerable, provided the number of photons produced per ionisation electron is large enough and the electric field intensity in the scintillation region can be increased. To reach an electron diffusion in the range 2.5-3.0 mm/ √ m, one needs additive concentrations of about 0.04%, 0.2% and 0.015% for CO 2 , CH 4 and CF 4 , respectively. Figure 7 shows the energy resolution measured for 5.9 keV x-rays, extrapolated to the energy of a ββ0ν decay event (2.5 MeV) and typical operating conditions in the NEXT-100 TPC (c = 0.01 and σ G /G = 0.35), as a function of the 3D diffusion (after 1 m drift), obtained from Magboltz [39] for different concentrations of the three additives investigated, and for reduced electric fields of 20 V/cm/bar in the drift region and 2.5 kV/cm/bar in the scintillation region. As seen, the best compromise between energy resolution and diffusion is found for concentrations of about 0.04%, 0.4% and 0.01% for CO 2 , CH 4 and CF 4 , respectively. The best energy resolution obtained in these conditions favours CH 4 as a choice. Despite the high quenching for this additive, an energy resolution of 0.5% at Q ββ can be obtained for D 3d = 2 mm (CH 4 concentration of 0.5%). For CO 2 , the energy resolution is also not much deteriorated but its performance is affected by transparency and getter compatibility. For CF 4 , quenching is low but the energy resolution is worse due to the high electron attachment.
There are some aspects that need to be evaluated at high pressures in a larger prototype, in particular the pressure-dependence of the primary and secondary scintillation yields and the fluctuations in light production, together with experimental studies on the electron diffusion that can be reached in those conditions, and the impact of charge recombination (if any). The NEXT-DEMO prototype, with a drift length of 30 cm, operated with 1.5 kg of natural xenon at a pressure of 10 bar, has the potential to study all the above mentioned aspects [40] . Despite the anticipated performance deterioration at high pressure, the extrapolations performed here, based on the simulation package introduced in [32] , indicate that both the Q factor and fluctuations in the PMT signal can be kept at the level of the Fano factor at 10 bar, for additive concentrations in the optimum range for D 3d (2 to 3 mm/ √ m). Concerning the primary scintillation yield, a tolerable reduction of about 80% can be extrapolated for CH 4 and CO 2 in the same concentration region. Due to difficulties inherent to instability of long-term operation of Xe-CO 2 mixtures in the presence of getters, together with the good performance demonstrated by Xe-CH 4 mixtures, CH 4 seems to be the best molecular additive to use in the NEXT-100 xenon TPC. 
Conclusions
We have demonstrated that the addition of molecular gases to pure xenon, at sub-percent concentration levels, is not dramatic in terms of electroluminescence yield, as it has been assumed over the last decades. Comparing the EL yield obtained as a function of the expected electron diffusion for the three additives investigated, we observe that the 3D diffusion coefficient diminishes from 10 to about 2 mm/ √ m with the drop in EL being much less significant for CF 4 than for CO 2 and CH 4 .
The intrinsic energy resolution of xenon-based TPCs degrades with increasing additive concentration as well. Up to additive concentrations of about 0.05% for CO 2 and 0.7% for CH 4 , there is no significant degradation at E/p values above 2.5 V/cm/bar. For those concentrations, the contribution of the statistical fluctuations associated to EL production (Q factor) is lower than the Fano factor. Fluctuations are however higher for CO 2 when compared to CH 4 due to dissociative electron attachment by CO 2 molecules. The energy resolution obtained for CF 4 is much worse than that obtained for the two other molecular additives due to a much higher level of this latter process.
Comparing the results obtained for the three candidate additives investigated, after extrapolating to the operation conditions of the NEXT-100 TPC, it is clear that CF 4 cannot be used as a result of the huge fluctuations observed in the EL formation, yielding an extremely high Q factor. Furthermore, the concentration levels of CF 4 would be very small and difficult to handle for several reasons. The measurement of the CF 4 concentration itself is difficult since we are close to the RGA sensitivity. Another technical difficulty is the preparation of the mixture as part of the CF 4 molecules are adsorbed (to the walls for example), which would affect the final concentration.
The comparison between CO 2 and CH 4 favours the latter. CH 4 does not present the drawback of having significant electron attachment, but on the other hand displays a higher quenching. As a result, the EL yield is comparable for both cases, but the energy resolution is considerably better for CH 4 . Higher concentration levels of CH 4 are however needed in order to efficiently reduce electron diffusion, which would have a high impact on the discrimination of events through pattern recognition of the topology of primary ionisation trails. CO 2 has additional disadvantages of not being 100% transparent to VUV photons in a large chamber (NEXT-100), and presenting long-term instability in the presence of getters. CH 4 has proven to be the best candidate for the NEXT-100 TPC but additional studies are needed in a larger TPC (NEXT-DEMO). These studies include chiefly the evaluation of the pressure-dependence of the primary and secondary scintillation yields and the EL fluctuations, together with the determination of the electron diffusion that can be achieved without significantly compromising the TPC calorimetric performance.
